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ABSTRACT
Wastewater treatment is a very energy intensive industry. Singapore has a state-of-the-art
wastewater treatment system that uses a number of sustainable techniques that greatly improve
its overall efficiency. The centralized Changi Water Reclamation Plant is one of the most
advanced treatment facilities in the world. However, there are smaller, less efficient wastewater
treatment plants still in use in Singapore. One of those is located in the Kranji Catchment region
adjacent to the Lim Chu Kang Air Force Base. Called BJ725, this facility consists of a primary
settler and a trickling filter. The purpose of this study is to determine the feasibility of using
wind power, solar power, or methane gas combustion to meet the treatment facility's energy
requirement. As the first part of this feasibility study, BJ725's energy requirement was analyzed.
Additionally, wind and solar output was computed given historical meteorological conditions in
Singapore, and the amount of power produced during methane gas combustion was computed
given sludge output at BJ725.
The outcome of these calculations showed mixed results. There was not one day of wind strong
enough to produce usable energy in the 33-year meteorological dataset analyzed. Thus, there is
essentially no potential for wind energy to be used in Singapore. Solar energy proved to be
economically viable, but only with at least a 63 percent rebate. Sludge digestion and methane
gas combustion proved to be by far the most economically viable option for wastewater
treatment plants in Singapore. In the case of BJ725, approximately S$8,000 of yearly income
can be generated if sludge digestion and methane gas combustion is utilized. Overall, sludge
digestion seems to be the best option for wastewater treatment plants throughout the rest of the
world. However, the three options studied are site specific and should be analyzed on a location-
specific basis.
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Title: Senior Lecturer of Civil and Environmental Engineering
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Chapter 1: Introduction
This chapter is a result of collaboration with Adriana Raquel Mendez Sagel, Amruta Sudhalkar,
and Erika Granger
Singapore Background
The Republic of Singapore is an island city-state situated at the southern tip of the Malay
Peninsula, 137 kilometers (85 mi) north of the equator. At 710.2 km2 (274.2 sq mi), Singapore is
considered a microstate (a state with less than 1000 km2 of non-sea area) and the smallest nation
in Southeast Asia. Located at the southern tip of the Malay Peninsula and across from the large
Indonesian island of Sumatra (Figure 1.1), Singapore controls the Strait of Malacca, a
throughway between the Indian and Pacific oceans through which approximately one-fourth of
global trade passes today.
STRAIT OF MALACCA
Figure 1.1: Map of Southeast Asia with Strait of Malacca highlighted (Stratfor 2008)
The British East India Company founded Singapore in 1819 as a trading colony. Singapore
became one of the most important commercial and military centers of the British Empire, and the
hub of British power in Southeast Asia.
In 1963, Singapore achieved independence from Britain and merged with Malaya, Sabah, and
Sarawak (Southeast Asian states) to form Malaysia. The union was short-lived and two years
later Singapore became an independent republic on August 9, 1965.
Economy
Singapore has had an open economy since it was established as a British trading post in 1819
(Abeysinghe 2007). After Singapore gained independence in 1965, its economy grew 8.5% per
year until 1990 (Krugman 1994). This incredible growth rate was primarily due to the
mobilization of the population; employment rose from 27% to 51% (Krugman 1994). During
this period, education of the workforce also drastically increased from more than half of all
workers having no formal education to about two-thirds of all workers having completed
secondary school (Krugman 1994). In 2004, Singapore's gross national income (GNI) was
US$113 billion, making it one of the 40 largest economies in the world (Abeysinghe 2007), an
impressive feat for such a small country (by area and population).
Almost all of Singapore's gross domestic product (GDP) is generated via the industrial (27.8%)
and service (72.2%) sectors (CIA). The service sector is dominated by financial and business
services, and services exported to visiting tourists (Abeysinghe 2007). Due to the island's small
population and lack of natural resources, the industrial portion of Singapore's economy relies
almost exclusively on exporting products and importing intermediates (Abeysinghe 2007). Like
much of Asia, Singapore's primary exports are electronics (Table 1.1).
While Singapore exports most of the goods it produces, it also imports most of the goods it
consumes. This economic system means that Singapore relies heavily on multinational
corporations (Abeysinghe 2007). In fact, foreign direct investment has been the main source of
capital inflow since Singapore established independence (Abeysinghe 2007).
Table 1.1: Exports of Singapore (MTI 2007)
Top 10 Exports (2007) Share
Electronic Valves 23.5
Petroleum Products Refined 17.1
Parts For Office & Data Processing
Machines 6.7
Telecommunications Equipment 5.5
Data Processing Machines 3.4
Electrical Circuit Apparatus 2.0
Electrical Machinery Nes 1.7
Medicaments 1.6
Nitrogen-Function Compounds 1.6
Civil Engineering Equipment Parts 1.6
The Monetary Authority of Singapore (MAS) is the central bank of Singapore (Abeysinghe
2007). The MAS targets the nominal effective exchange rate to maintain price stability, a system
that has worked very well for them thus far (Abeysinghe 2007). The government of Singapore
has a very conservative fiscal stance overall (they accumulate large budget surpluses in non-
recessionary years), but they are willing to cut taxes and other charges to help businesses when
needed (Abeysinghe 2007). Overall, the economy of Singapore is very robust and is capable of
withstanding fluctuations in the world market.
Water Issues in Singapore
Singapore is a water scarce country even though it receives over 2,400 mm of rainfall annually.
This city-state has a surface area of approximately 700 square kilometers, and this imposes a
limit on the extent to which water can be stored locally (Tortajada 2006). Although Singapore
has the highest GDP per capita in Southeast Asia, it has less than 1,000 m3 per person of water
available from within the country (categorizing it as a "water-stressed" country). Malaysia,
which currently provides about 40 % of Singapore's water needs, has a ratio of annual per capita
of internal renewable water resources that is one hundred and sixty eight times that of
Singapore's (Lee 2005). These statistics can be seen in Table 1.2.
Table 1.2: Water Resources of Asian Countries, GNP Per Capita, and Population: 2000
(World Resources 2005)
Country Annual Annual Annual Water Annual Water 2000 Population
Renewable Renewable Withdrawals: Withdrawals: GDP Per 2000
Water Water Total (kin) Per Capita Capita (millions)
Resources: Resources: Per (il3 (USS
Tota14  Capita (in )
(kin 3)
Cambodia 476 32,876 4.1 311 274 12.2
Indonesia 2,830 12,749 82.8 391 750 203.5
Laos PDR 334 57,638 3.0 567 328 5.2
Malaysia 580 23,316 9.0 392 3,870 23.2
Myaninar 1,046 20,870 33.2 699 142 49.0
Philippines 479 5,884 28.5 377 981 76.3
Singapore 1 139 -- -- 23,071 4.0
Thailand 410 6,459 87.1 1,429 1,963 62.4
Vietnam 891 10,805 71.4 914 403 77.7
Water Management in Singapore
The Singapore Public Utilities Board (PUB) is responsible for management of the water systems
of Singapore. This includes drinking water treatment and supply, wastewater treatment, and
storm water management. In an effort to reduce Singapore's dependence on external sources of
water, PUB has diversified its water sources extensively in the last decade.
Current Water Supply Strategy
PUB has adopted the Four National Taps Strategy for ensuring a sustainable supply of water to
its population (Xie 2006). The four taps strategy consists of the following elements:
1) Local Catchments:
Singapore currently has 15 reservoirs that collect rainwater, aided by a network of canals, drains
and river channels. The larger reservoirs can be seen in Table 1.3 (Wung and Pei 2009).
Table 1.3: Singapore's Reservoirs and Storage Capacity (Segal 2004)
Name of Reservoir Year Completed Storage Capacity (million M3)
MacRitchie 1867 (enlarged in 1894) 4.2
Lower Pierce 1912 2.8
Seletar 1935 (enlarged in 1969) 24.1
Upper Pierce 1974 27.8
Kranji/Pandan 1975 22.5
Western Catchment 1981 31.4
Bedok/Sungei Seletar 1986 23.2
Total 142.0
2) NEWater (Reclaimed Wastewater):
Singapore currently has four wastewater reclamation plants with a fifth plant expected to be
completed by 2010. Together, these plants will meet 30% of Singapore's current water needs by
2010 (Tortajada 2006).
3) Desalination:
Singapore has been operating a Desalination Plant in Tuas since 2005. This plant can produce
30 million gallons of water a day (136, 000 cubic meters) and is one of the region's largest
seawater reverse-osmosis plants. This plant meets 8% of Singapore's current water needs.
A summary of Singapore's domestic water statistics is provided in Table 1.4 (Tortajada 2006).
4) Import of water from Malaysia:
An important source of water supply for Singapore comes from its neighboring country of Malaysia.
Singapore imports water from Malaysia under two existing "Water Agreements" signed by the
two countries in 1961 (the Tebrau and Scudai Water Agreement) and 1962 (the Johor River
Water Agreement). Under these agreements, Singapore is allowed to draw up to 336 MGD (1.53
million m3 per day). In these Agreements, Singapore pays Malaysia S$0.03 for every 1000
gallons drawn from the rivers (Lee 2005).
Table 1.4: Domestic Water Statistics (Ministry of the Environment and Water Resources, Singapore 2005)
2002 2003 2004
Number of raw water reservoirs 14 14 14
in Singapore
Number of NEWater Plants 2
(For Recycling Water)
Volume of Used Water Treated 1,315 1.360 1.369
Per Day (1,00m3 /day) 16
Water Tariffs
Domestic (consumption _ 40 m3 117 117 117
per month) (cents/m )
Domestic (consumption > 40m 140 140 140
per month) (cents/m)
Shipping (cents/mi3) 192 192 192
Sale of Water in Singapore 1,259 1,224 1,203
Domestic (1000 m3/day) 687 690 686
Non-domestic (1000 i 3 /day) 572 534 517
Domestic water consumption 165 165 162
per person (litres/day)
In addition to Water Supply Management, PUB has adopted effective strategies for Water
Demand Management, Community Involvement, Private Sector Participation, Governance, and
Continuous Improvement to develop a holistic approach to water management that addresses the
entire water cycle, and not just supply. These strategies are discussed in greater depth in
subsequent sections of this proposal.
Kranji Reservoir and Catchment Background
The Kranji Reservoir in the Kranji Catchment (Figure 1.2) is located within the Western
Catchment of Singapore. It is in the northwestern corner of the island (1'25"N, 103'43"E)
(NTU 2008).
The Kranji Reservoir was created in 1975 by the damming of an estuary that drained into the
Johor Straits that separate the Malaysian mainland from Singapore. The reservoir is
approximately 647 hectares and the catchment is approximately 6076 hectares in area. The
catchment has four tributaries: Kangkar River, Tengah River, and Pengsiang River in the South,
and Pangsua River in the North (NTU 2008). The catchment has a variety of land-uses, including
forests, reserved areas, agriculture, and residential areas.
Figure 1.2: Map of Kranji Catchment Area (Dixon et al. 2008)
Management of Kranji Reservoir
PUB wants to use its water resources not just for providing water, but also to provide enjoyment
to the people of Singapore. To achieve this goal, PUB launched the Active Beautiful Clean
Waters Programme in an effort to achieve national waters that are:
- Active - open for different recreational activities such as boating or fishing.
- Beautiful - aesthetically pleasing in a way that the nation's inhabitants can enjoy.
- Clean - of sufficient quality for domestic, industrial, and recreational uses.
The program has a variety of elements, one of which is using drinking water reservoirs for
recreation. By improving the quality, aesthetics, and access to Singapore's waterways, PUB
hopes to foster a greater sense of ownership and respect for water in Singaporean communities.
The Kranji Reservoir is an important element in this plan, since it is located near some of the last
remaining undeveloped land in Singapore. PUB intends to make the Kranji Reservoir
serviceable for recreational use under the ABC Programme. In preparation for these uses of the
reservoir, the PUB commissioned a study by Nanyang Technological University (NTU) in 2008
that sought to characterize the Kranji Reservoir and Catchment, and model the reservoir's water
quality.
Wastewater Background
Singapore has a state-of-the-art wastewater treatment system. The centralized Changi Water
Reclamation Plant is one of the most advanced treatment facilities in the world. Completed in
2008, much of the plant lies underground in a compact 55 hectare site (Bufe 2009). This facility
is capable of treating about 211 million gallons per day (mgd), and has the potential to triple in
capacity through future expansion. The Changi Water Reclamation Plant uses a number of
sustainable techniques which greatly improve the overall efficiency of the system. First, the new
deep-tunnel system works entirely by gravity. This eliminates the need for pumping and the
risks of wastewater overflows. Additionally, the new tunnel is designed to require very little
maintenance. The overall footprint was considered when designing the new facility. Compact
process tank configurations, two-level stacked primary and secondary clarifiers, and the
NEWater plant's construction on the roof of the liquid processing plant all help reduce the
facility's footprint. An aerial photograph of the Changi Water Reclamation Plant can be seen in
Figure 1.3.
process tank configurations, two-level stacked primary and secondary clarifiers, and the
NEWater plant's construction on the roof of the liquid processing plant all help reduce the
facility's footprint. An aerial photograph of the Changi Water Reclamation Plant can be seen in
Figure 1.3.
Figure 1.3: Changi Water Reclamation Plant (ABB Group website)
The new plant also incorporates many energy saving techniques. For example, anaerobic
digestion is used to help reduce solids volume. The methane gas produced during this process is
burned to power thermal dryers that dry the digested solids. These dried solids are then
converted to pelletized fertilizer. Singapore is also currently recycling much of its wastewater.
This high quality reclaimed water, dubbed NEWater, will account for 30 percent of Singapore's
water needs in 2010.
Despite Singapore's large, centralized wastewater treatment system, there are still numerous
smaller treatment plants scattered around the Kranji Catchment. These treatment facilities range
from simple septic tanks to trickling filter systems. Most of these systems are energy intensive,
requiring water to be pumped through the facility. The energy used to power these facilities
ultimately comes from the oil and natural gas imported from Malaysia.
............... ...............   .. . ...... .. 
Chapter 2: Trickling Filters
Background
There are numerous ways to treat wastewater. The most common system uses primary and
secondary treatment. Primary treatment usually occurs in sedimentation tanks, where sludge can
settle and floating material such as grease and oils can rise to the surface. These materials are
then easily removed from the wastewater. The partially treated wastewater is then pumped to a
secondary treatment system. Secondary treatment is designed to remove the biological content
present in the wastewater. There are various ways to remove the organic components found in
wastewater, but the most common practice uses aerobic biological processes. In this method,
bacteria and protozoa consume biodegradable soluble organic contaminants. Secondary
treatment systems can be divided into two categories: fixed-film and suspended-growth. During
fixed-film treatment, biomass grows around media, in most cases either rocks or plastic, and the
wastewater passes over its surface. In suspended-growth treatment, the biomass is well mixed
with the wastewater. Both of these secondary treatment techniques will reduce the wastewater to
a desirable biological oxygen demand (BOD) level (Spellman 2009).
Trickling filters have been used as a means of secondary treatment since the 1890s. Today, most
trickling filter systems follow primary treatment and precede a secondary settling tank, as seen
below in Figure 2.1.
A- - -Waste sLdge - - - - - - - C1 or NaOCl
Cl2 or NaUC
Grit Primary 'frickhris Settling otc tan Efflue~nt
-Influent Ba racks chamber sedimEentLion 
->
Sc-reenlings Grit Sludge
Return effluent
Figure 2.1: Simple flow diagram of trickling filter used for wastewater treatment (Spelman 2009)
A trickling filter is an example of fixed-film biological treatment, as previously mentioned. This
treatment technique is designed to remove suspended solids and BOD5 (Spellman 2009). A
rotating arm evenly distributes wastewater over a circular bed of media (see Figures 2.2 and 2.3).
Microorganisms attach to the media and form a biological film or slime layer approximately 0.1
to 0.2 mm thick. Aerobic conditions are maintained through the spaces between the media.
DEGhIBLI1D APh
I -
I--
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Figure 2.2: Schematic cross-section of a trickling filter (EPA Fact Sheet 2000)
These spaces allow the wastewater to slowly trickle down around the slime layer (hence
"trickling filter"). The organisms present in the slime absorb the organic material in the
wastewater and aerobically decompose the solids. This process produces more organisms and
stable wastes, which are either discharged back into the wastewater or become part of the slime.
As the slime layer grows, oxygen cannot penetrate the media, and anaerobic conditions are
created. When this occurs, the microorganisms die and a portion of the biological layer falls off.
This process is called sloughing, as seen in Figure 2.4. These sloughed materials move through
the filter with the wastewater, and are eventually picked up by the underdrain system. From
there the wastewater and sloughed materials are pumped to a secondary settling tank. However,
a portion of the flow is recycled to maintain uniform hydraulic loading and to dilute the influent
(EPA Fact Sheet 2000). Common forms of recirculation can be seen in Figure 2.5.
Figure 2.3: Trickling filter installation (Qasim 1985)
.... . .. .. ....... .....  ........... .... ... .... ..... .......  ...  .. .....  ..
Influent flow,
Zoogleal slime
Sloughing
Figure 2.4: Biological activity on surface of filter media (Spellman 2009)
Figure 2.5: Common forms of trickling filter recirculation (Spellman 2009)
Trickling Filter Design
As previously mentioned, a trickling filter consists of an inert medium made of a bed of rock,
plastic, slag, or crushed stone over which wastewater is distributed. Rock or slag beds can be up
to 60 meters in diameter and 0.9 to 2.4 meters in depth, with rock size varying from 2.5 to 10.2
cm. However, trickling filters that use rock beds are confined to smaller dimensions than to
those that use plastic as a medium due to the structural problems caused by the weight of rocks
(Spellman 2009). Trickling filters that use plastic are much deeper (4.3 to 12.2 meters), but
much smaller in diameter (6 to 12 meters) (EPA Fact Sheet 2000).
The distribution system of a trickling filter can either consist of a rotary hydraulic or a fixed
nozzle distributor. The rotary distributor moves above the surface of the media and sprays the
wastewater on the surface. The distributor can either be powered mechanically or simply by the
force of the water leaving the arms. In the fixed nozzle system, the nozzles are fixed in place
above the media and are designed to spray the wastewater over a specific section of the media.
This type of distribution is commonly used in square or rectangular trickling systems (EPA Fact
Sheet 2000). The nozzles on the arms are spaced unevenly so that higher flow per unit length
can occur near the outside of the filter than at the center. In order to achieve uniform distribution
of wastewater over the bed, the flowrate per unit length should be proportional to the radius from
the center of the filter (Tchobanoglous, Burton, and Stensel 2003).
A trickling filter system also has an underdrain that collects the filtrate and solids, and also
provides air for the microorganisms growing on the media. It has been found that natural draft
and wind forces are usually sufficient enough to provide air for the system, however, to
guarantee sufficient airflow, the underdrains should never be allowed to flow more than 50% full
of wastewater. Additionally, ventilation ports are usually added to the bottom of the system to
provide further airflow (Spellman 2009).
Types of Filters
Trickling filters are classified into five categories based on their hydraulic and organic loading.
These classifications are standard rate, intermediate rate, high rate, super high rate, and roughing.
The most commonly used trickling filters fall under the standard rate, high rate, and roughing
categories. As seen in Table 2.1, the hydraulic and organic loading vary for each type of filter.
The trickling filter system that I will be focusing on in Singapore falls under the traditional
standard rate classification. As one can see, the BOD removal improves with lower hydraulic
loading. This is due to that fact that the organic material in the wastewater is in contact with the
biological layer for a longer period of time. Thus, the microbes growing on the media are better
able to remove the organic contaminants (Spellman 2009).
Advantages and Disadvantages
There are a few advantages and disadvantages associated with trickling filters. First, they take
advantage of simple and reliable biological processes. The biological layer that develops around
the media is naturally forming, so no additional microbes or chemicals need to be added to
induce this growth. Trickling filters also require little land, as opposed to other forms of
secondary treatment such as settling tanks and ponds. Furthermore, given that the rotary arms
are powered simply by the pressure of the water leaving the orifices, little power is required to
run the system (EPA Fact Sheet 2000). On the other hand, the wastewater passed through
trickling filters might need additional treatment in order to meet more rigorous discharge
standards, especially when treating wastewater containing high concentrations of soluble
organics. Furthermore, the chance of clogging is relatively high in trickling filters due to the
sloughing phenomena described above. Filter flies and odors are common problems associated
with trickling filters. Additionally, this type of secondary treatment is vulnerable to climate
changes and low temperatures. However, icing is not an issue in Singapore (Vernick et al.
1981).
Table 2.1: Typical trickling filter classification (Spellman 2009)
Trickling Filter Classification
Filter Clams
lydran ic loading (gxl/ftl?
Organic loading (lb 301) per 1000 ft"
Sloughing requency
Distr bution
Recirculation
Media depth (ft
Melia type
Nitrificaton
ilte~r flies
131) removal
TSS reioval
Standard
525 ~A
Seasonal
Rotary
No
6 8
Rock
Plastic
Wood
Yes
Yes
80-85%1
80-85%
Intermediate
90-230
11-30
Varies
Rotary FixcL
Usually
6-F1
Rock
Plastic
Some
Variable
50 70%;
50-70%9
High Rate
230-900
25-310
Continous
Rotary Fixed
Always
3-3
Rock
Pastic
Wood
Some
\kriah'e
65-80%
65-80%
Super High Rate
350-21 ()
Up to 300
Coninuous
Rotary
Usually
Up to 40
Rock
Plastic
Wood
Limited
W/cry few
65-85%
Roughing
>900
230)
Contunuous
Rotary fixcd
Nt usually
Rock1-71
c-k
None
Not usually
40-55
40 65%
Chapter 3: Energy Requirements
Trickling Filter Energy Requirement
The wastewater treatment industry as a whole can be very energy intensive. In the United States,
approximately 4 percent of the nation's electric load goes toward wastewater treatment. Of this,
nearly 80 percent is used in moving wastewater and the remainder is used in water treatment
(Goldstein et al. 2000). Additionally, for the most part, demand for electricity associated with
water treatment will likely follow the Bureau of Census projections of 50 percent population
growth by the year 2050 (with the exception of industrial and irrigation supply). This can be
seen below in Table 3.1. Because of this increase in electricity demand, energy conservation and
sustainable practices will become increasingly important in the near future. One way to be
energy conscious is to use technologies that use little electricity. For example, advanced
wastewater treatment with nitrification uses three times more energy than a trickling filter system
(Goldstein et al. 2000). Thus, it makes sense to use a simple trickling filter system in situations
in which advanced wastewater treatment is not needed. These situations can be found in many
rural areas in Singapore in the Kranji Catchment.
Table 3.1: Electricity consumption projections for wastewater treatment (Goldstein et. al. 2000)
Approx. %
Year 2000 2005 2010 2015 2020 2050 Increase
2000-2050
Public Supply and Treatment - Million kWh
Public Water Supply 30,632 31,910 33,240 34,648 36,079 45,660 5
POTWs 21,006 24,512 24,895 25,277 26,039 29,820 50
Private Supply and Treatment - Million kWh
Domestic Supply 894 930 965 1.001 1,038 1,274 50
Commercial Supply 476 499 525 553 581 780 5C
Industrial Supply 3,341 3,793 4.236 4,731 5,284 10,255 200
Mining Supply 490 509 528 548 569 713 50
Irrigation Supply 23,607 25,639 27,909 30,453 33.314 60,646 150
Livestock Supply 992 1,047 1,095 1144 1,192 1,510 50
Privately Operated
Wastewater 42,012 49,025 49,790 50,555 52.078 59,641 50
Treatment (see note)
Total Electricity 123,450 137,864 143,182 148,910 156,174 210.299 100
As discussed in Chapter 1, the Kranji
comprised of agricultural, residential,
Catchment is a comparatively rural region in Singapore
and military areas. Small wastewater treatment facilities
treat water coming from the agricultural and military bases. The facility that I analyzed is found
adjacent to the Lim Chu Kang Air Force Base and serves the entire military camp of
approximately 1,200 people (PUB 2010). It is comprised of a trickling filter and a primary
settler, as seen in Figure 3.1 and Figure 3.2, respectfully. According to the Sewerage
Department of Singapore's PUB, this treatment facility was commissioned in 1979 and is listed
under STP (Sewerage Treatment Plant) number BJ725 (PUB 2010). In order to determine the
energy requirement for BJ725, one must understand the typical energy use of a primary settler
and trickling filter system.
Figure 3.1: Trickling ifiter at BJ725
Figure 3.2: Primary settler at BJ725
The energy used in a system like this is simply the energy required to pump the wastewater to the
top of the primary settler. From there, the wastewater runs through the entire plant by gravity
flow. Centrifugal pumps are most commonly used for water and wastewater pumping. In these
types of pumps the head is developed by centrifugal force. The power input that is required to
raise wastewater to the top of a primary settler can be found using Equation 3.1 (Qasim 1985).
This is the power that we are interested in, as it is the amount of electricity needed to power the
primary settler/trickling filter system.
Pp= P, / Ep (3.1)
where Pp = power input of the pump, kW
P= power output of the pump, kW
............. 
.. ............. . ..  - - ' I
Ep = pump efficiency
The work done by the pump can be calculated using Equation 3.2 (Qasim 1985):
Pw = K'Q(TDH)y (3.2)
where P= power output of the pump, kW
Q capacity, discharge, or flow rate, m3/s
TDH = total dynamic head, m
y = specific weight of the liquid pumped, kN/m3
K' = constant depending on the units of expression, 1 kW/kN-m/s
Using Equation 3.2 and the conditions at BJ725, one can derive the work done by the pump at
that facility. The height of the primary settler is 4 meters. The specific weight of the liquid
pumped is simply the specific weight of water, 9.81 kN/m3 . Finding the flow rate is a less trivial
operation, and requires a few assumptions. Using Tchobanoglous, Burton, and Stensel's
"Typical wastewater flowrates from institutional sources in the United States" table (see Table
3.2), one can assume that the military base that BJ725 services is most like a boarding school (in
terms of functionality and daily activities). Thus, the typical wastewater flow rate for one person
at the military base is approximately 320 liters/day, equivalent to 3.7x1 0-6 m3/s per person
(Tchobanoglous, Burton, and Stensel 2003). For a total number of 1,200 people at the camp, the
total flow rate at BJ725 is 4.44x10 3 m3/s (15.984 m3/hr). From Equation 5.2, the work done by
the primary settler pump at BJ725 is 0.1 74-kW. Equation 3.1 can be used to calculate the power
input (the total power required to run the system). The efficiency of the pump can be determined
by examining a characteristic curve chart of a centrifugal pump, as seen in Figure 3.3. By
comparing BJ725's discharge (approximately 15.984 m3/hr) and the total head (4 meters), one
can predict that the efficiency of the pump used at this primary settler/trickling filter system is
somewhere between 35 and 45 percent. I will assume that the pump used at BJ725 has an
efficiency of approximately 40 percent. This may seem like a low number, but it is easy to see
from the centrifugal pump characteristic curves that efficiency decreases as total head and
discharge decrease. Using this pump efficiency, the power output, and Equation 3.1, the power
input can be calculated to be 0.435-kW, or 435-Watts. This number is the basis of my analysis
and is compared to the potential power output of wind turbines, solar panels, and methane gas
combustion.
Table 3.2: Typical wastewater flowrates from institutional sources in the U.S.
(Tchobanoglous, Burton, and Stensel 2003)
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Figure 3.3: Characteristic curves of a centrifugal pump (Qasim 1985)
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Chapter 4: Wind Power, Solar Power, and Sludge Digestion
Wind Power Background
Renewable energy is defined as energy that comes from naturally replenished resources, such as
wind, sunlight, tides, and geothermal heat. Wind power has been used for thousands of years to
propel sailboats and to mill grain using windmills. Fundamentally, wind energy is a form of
solar energy. The sun's radiation heats the Earth at different rates during the day and night. In
turn, this causes portions of the atmosphere to warm differently, creating differences in
atmospheric pressure. These differences in pressure cause wind - the force can be converted into
wind power (AWEA 2009).
Harnessing the energy in wind has recently become popular in electricity generating
applications. This form of power generation is attractive for two main reasons. First, as
previously mentioned, wind is a renewable resource, meaning it will never be depleted (as
opposed to fossil fuels). Second, with the rise in global climate and CO 2 concerns, wind power
has become popular because it produces no greenhouse gas emissions. A wind energy system
simply converts the kinetic energy of wind into either electrical or mechanical energy. Wind
turbines that produce electricity are used to power households and businesses, or are used for
electricity sale to utilities (Wikipedia - Wind Power 2010).
During the past couple of decades, wind farms have been erected in wind-rich areas of the U.S.
These wind farms usually consist of many 700-kW to 2.5-MW wind turbines (AWEA 2009). In
most instances, the electricity generated by these farms is sold to utilities and injected into the
state or national electric grids. This technique of harnessing the energy in wind is viable in
wind-rich areas, but most of those areas in the U.S. are hundreds of miles from any large cities
where the power produced by wind farms would be most useful. This creates both a political and
engineering problem. Wind power generators are worried about the loss associated with
transporting electricity long distances though high-voltage transmission lines. Additionally,
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politicians are debating on how to deal with interstate transmission of renewable energy.
Besides large wind farms, another way to harness the wind is through the use of small-scale wind
turbines. These smaller turbines can be individually placed in less wind-rich environments (i.e.
next to households or on top of buildings). Small-scale wind turbines produce less energy than
the larger commercial turbines, but are much more suitable for lower, gusty wind conditions.
This is due to the fact that small-scale wind turbines have a relatively lower internal resistance
(smaller gears and generator) when compared to large-scale turbines. This enables the blades to
turn at lower speeds. Small-scale turbines are usually fed directly into a power sink, be it a
household, building, or other facility. This way the energy produced by the small turbine can
directly power the sink. These smaller turbines are usually sold in individual kits, and are user-
friendly and easy to install. Examples of utility-scale and small-scale wind turbines can be found
in Figure 4.1 and Figure 4.2, respectively. The viability of using small-scale wind turbines to
help power small wastewater treatment facilities is further investigated in Chapter 6.
Rotor blades:
- Shown feathered
- Length, 37-m
Rotor Hub Nacelle enclosing:
- Low-speed shaft
- Gearbox
- Generator, 1.5 MW
- Electrical controls
- Blade pitch controls
Tower, 80 m
Minivan
Figure 4.1: The anatomy of a 1.5-MW wind turbine (U.S. DOE 2008)
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Figure 4.2: Small-scale wind turbine used to power household (AWEA 2010)
How Wind Turbines Work
Wind turbines use the air mass moving in wind to help produce electrical power. Just like the
wings of an airplane, as air flows around the blades of a turbine, it produces a lift force acting on
the blades. In turn, this force rotates the blades. In a simplified wind turbine, the rotating blades
then turn a low-speed shaft that is attached to a step-up gearbox. The gearbox is attached to a
generator which in turn produces electricity. The step-up gearbox increases turbine electricity
production in stages by increasing the number of generator revolutions produced by the shaft
revolutions. In utility-scale turbines, a brake is used to slow or stop the turbine if winds exceed
the maximum limit of the turbine. Additionally, a yaw and a controller mechanism work
together to make sure the turbine is always facing incoming wind (U.S. DOE 2006). There are a
few different types of wind turbines. The more conventional, horizontal-axis turbine catches
unidirectional wind and uses a horizontal shaft to turn the generator. A vertical-axis turbine can
catch wind from all directions, and uses a vertical shaft to turn the generator. The differences in
these two types of turbines can be seen in Figure 4.3.
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Figure 4.3: Wind turbine configurations (AWEA 2010)
Solar Power Background
Another type of renewable energy is solar. Solar energy comes in the form of radiant light, and
has been used by humans for centuries. Solar energy can be used in a variety of applications:
heating water, distillating and disinfecting drinking water, solar lighting, and generating
electricity, to name a few. I will focus this discussion on electricity generation through solar
power, focusing on photovoltaics.
The yearly total solar energy absorbed by Earth's oceans, atmosphere, and land masses is
approximately 3,850,000 exajoules (EJ). Just to scale how much energy this is, in 2002, the
Earth absorbed more energy in one hour than the entire world used in one year (Wikipedia -
Solar Energy 2010). This solar energy is used by plants during photosynthesis, and can be
harnessed by humans to produce power. This can be achieved through the use of photovoltaic
(PV) cells. These PV cells can convert solar radiation into direct current electricity. The
materials used in PV cells are mainly monocrystalline silicon, polycrystalline silicon,
microcrystalline silicon, cadmium telluride, and copper indium selenide/sulfide. When solar
radiation strikes photodiodes found in PV cells, the photons found in the light knock electrons
into a higher state of energy, producing electricity. This electricity is then exploited for any
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application end use, as seen below in Figure 4.4. PV cells were first used to power orbiting
satellites, but more recently have been used in utility applications for grid-connected power
generation. In the case of the latter application, an inverter must be used to convert the DC
current to AC current (Wikipedia - Photovoltaics 2010).
Electrical
energy
Photovoltaic device
Figure 4.4: Schematic of the photovoltaic effect (Sandia National Laboratory)
Since PV technologies use both direct and scattered sunlight, a major portion of the U.S. is
suitable for solar electrical systems. However, because solar radiation is an intermittent power
source, solar power requires a backup supply or complementary power source. Large groups of
PV cells are needed to create substantial power. These groups of cells are called PV modules, or
solar panels. A solar plant, or farm, consists of hundreds of solar panels arranged in multiple
arrays (see Figure 4.5). These panels contain a mechanism that allows them to follow the path of
the sun, thus continually receiving the most direct solar radiation as possible. Like wind turbines,
solar panel arrays can be used in utility applications (usually range on the scale of 10 to 20-MW)
or they can be placed on household or building roofs and used in smaller-scale applications.
These building-integrated photovoltaics (BIPV) are one of the fastest growing applications of
solar panels. These systems can be built into the current roofing of the structure, or on the
ground and connected by cable to supply power to the building, as seen in Figure 4.6 (Wikipedia
- Photovoltaics 2010).
Figure 4.5: The 8.2-MW Alamosa Photovoltaic Plant in Colorado (National Renewable Energy Laboratory)
Figure 4.6: Furniture factory in Massachusetts using a PV system to generate its own electricity
(National Renewable Energy Lab)
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Sludge Background
As discussed in Chapter 2, secondary treatment through the use of trickling filters produces a
form of sludge by a process called sloughing. As the biological layer of slime grows around the
media in a trickling filter, it eventually detaches ("sloughs off) and falls through the filter with
the wastewater. This sloughed material is a form of sludge, and can be used for energy
production. Primary treatment additionally forms sludge that can be scraped off the bottom of
primary clarifiers. When placed in anaerobic conditions, this biological sludge can produce
methane gas, which in turn can be used to produce energy. The sludge must be mixed and
heated in an anaerobic digester for approximately 10 to 20 days. Not only does this stabilize the
volatile solids, but also creates carbon dioxide and methane gas (Tchobanoglous, Burton, and
Stensel 2003). Figure 4.7 shows a schematic diagram of a typical anaerobic digester.
Fixed cover
Gas storage
SludgeSludge
inletsM*~
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Figure 4.7: Schematic diagram of a typical anaerobic digester (Tchobanoglous, Burton, and Stensel 2003)
Gas Production
The gas produced during sludge digestion contains about 65 to 70 percent methane by volume,
25 to 30 percent carbon dioxide, and small amounts of nitrogen, hydrogen, water vapor, and
other gases. This gas has a specific gravity of 0.86 relative to air (Tchobanoglous, Burton, and
Stensel 2003). Gas production is usually estimated from the percentage of volatile solids
reduction in the sludge, and can fluctuate over a wide range. In a very rudimentary manner, the
total gas production can be estimated on a per capita basis. In primary treatment, the normal
yield is 15 to 20 cubic meters of gas per thousand people per day and in secondary treatment the
total gas production is about 28 m3/103 persons/day (Tchobanoglous, Burton, and Stensel 2003).
Thus, in a primary and secondary treatment system, the total gas production is about 43 m3/103
person/day (lower bound). When collecting this gas from under the cover of the digester, it must
not be allowed to mix with air as this can create an explosive mixture. Gas piping and pressure-
relief valves must include flame traps. The methane gas found in the gas produced during sludge
digestion can be used to produce energy, which is discussed further in Chapter 8.
Chapter 5: Applications of Renewable Energy at Wastewater
Treatment Plants
Wind Power
There are a few examples of wind energy having been used to help power wastewater treatment
plants in the United States. One of these can be found in Atlantic City, New Jersey. Wind
turbines supplement the 40-mgd Atlantic County Utilities Authority (ACUA) Wastewater
Treatment Facility's energy needs. The system consists of five 1.5-MW wind turbines which are
capable of producing 7.5-MW of electrical energy when operating at wind speeds of over 12
miles per hour (EPA Fact Sheet - 2007). The wind farm is the first to be built in New Jersey,
and the first coastal wind farm in the United States. The turbines produce approximately 19
million kilowatt-hours of electricity per year. The 1.5-MW General Electric wind turbines are
397-feet tall (New Jersey Wind website). The wastewater treatment facility only uses on average
2.5-MW of energy per day, thus, the remaining energy produced by the wind farm is sold to the
local power grid (during optimal wind conditions). Over the course of a year, the ACUA wind
farm can supply more than 60 percent of the energy required by the treatment plant. When the
wind turbines are not at peak capacity, the power needed at the facility can be bought from the
grid. The wind farm cost around $12.5 million (EPA Fact Sheet - 2007). The project received
$3.62 million in grants from the state of New Jersey, and the wind farm has save ACUA
approximately $2 million in its first 4 years of operation (ACUA website). The ACUA
Wastewater Treatment Facility and wind farm can be seen below in Figure 5.1.
Figure 5.1: ACUA Wastewater Treatment Plant wind farm (New Jersey Wind website)
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Another example of using wind energy to help power wastewater treatment plants can be found
in Browning, Montana. However, rather than using large, 1.5-MW turbines, Browning uses
small-scale wind turbines to power their sewage treatment plant. In 1999, Browning, Montana
and the Blackfoot Nation installed four Bergey Excel 10-kW wind turbines next to the town's
wastewater treatment plant, as seen below in Figure 5.2. The project was designed so that all of
the energy produced was consumed onsite at the treatment plant. However, the turbines were
still connected to the grid. The four, 100-feet, wind turbines provide one quarter of the plant's
energy requirement (Browning, Montana website).
Figure 5.2: 10-kW wind turbines found at the Browning, Montana wastewater treatment plant
(Browning, Montana website)
Solar Power
Solar power has also been used to supplement the energy requirements of wastewater treatment
plants. In addition to installing wind turbines, the ACUA Wastewater Treatment Facility in
Atlantic City, New Jersey also installed five solar arrays totaling 500-kW. Installed at different
locations around the treatment plant, the network includes two "ground-mount" arrays, two
"roof- mount" arrays, and a "canopy" array. The arrays produce over 660,000-kWh of electricity
annually (3% of the facility's annual electric needs), and is the second largest solar array in New
Jersey. The total cost of the project was around $3.9 million. The plant received a 57%
Customer Onsite Renewable Energy (CORE) rebate from the New Jersey Board of Public
Utilities. In 2009 the ACUA plant saved more than $460,000 as a result of avoided electricity
costs and proceeds from the Solar Renewable Energy Credits (ACUA website). The ACUA
Wastewater Treatment Facility solar arrays can be seen below in Figure 5.3.
Figure 5.3: "Ground-mount" solar panels at the ACUA Wastewater Treatment Facility (ACUA Website)
Another example of using solar power to provide energy for wastewater treatment plants can be
found in Oroville, California. This Northern California town operates a 6.5-MGD treatment
plant which services industrial users as well as 15,000 households. During the California energy
crisis in 2002, the Oroville Sewage Commission (SC-OR) decided to reduce electricity costs and
increase energy self-reliance through the use of solar power. Later that year, a 520-kW ground-
mounted solar array was installed adjacent to the treatment plant (see Figure 5.4). The solar
array consists of 5,184 solar panels that can be manually adjusted to maximize power output, and
is the fifth largest solar energy system in the United States. The total cost of the project was
$4.83 million, with a rebate of $2.34 million from the Self-Generation Incentive Program of
Pacific Gas and Electric (PG&E). Through the combination of solar power and credits for solar
energy production, the treatment plant was able to reduce its power costs by 80%. Additionally,
the solar system was designed to produce more power than the treatment facility needs during
peak hours, and since the system is connected to the grid, the facility can feed the excess energy
back to the power utility so that SC-OR can receive credit on their power bill. This credit can
then be used to pay for the off-peak power that the treatment plant uses at night (when the solar
system is useless) (EPA Fact Sheet - 2007).
Figure 5.4: Solar array at the Oroville Sewage Treatment Facility (SPG Solar website)
Chapter 6: Wind Energy Analysis
Wind Turbine Power
It is unrealistic both economically and geographically to place a large-scale wind turbine next to
BJ725. Thus, small-scale wind turbines were used in my analysis. I chose to examine four
small-scale turbines: the ARE 442 (manufactured by Abundant Renewable Energy), the Proven
2.5 (manufactured by Proven Energy), the Bergey XL. 1 (manufactured by Bergey Windpower
Co.), and the Skystream 3.7 (manufactured by Skystream Energy) (see Figures 6.1 - 6.4). The
10-kW ARE 442 has a cut-in wind speed of approximately 2.5 m/s and a rated wind speed of 11
m/s (ARE website). This means that the turbine starts turning (and producing power) when the
wind speed is 2.5 m/s, and can produce up to l0-kW of electricity when the wind speed is 11
m/s. The Proven 2.5 is rated at 2.5-kW, and has a cut-in speed of around 2.5 m/s with a rated
wind speed of 12 m/s (DC Power Systems website). The Bergey XL. 1 has a power rating of 1-
kW and a rated wind speed of 12 m/s (Bergey website). Finally, the Skystream 3.7 has a cut-in
speed of approximately 3.5 m/s and has a rated wind speed of 13 m/s. The Skystream 3.7 can
produce 2.4-kW of electricity (Skystream 3.7 website).
When looking at these different turbines, it is imperative to examine their respective power
curves. A power curve displays the power output of a particular wind turbine given a specific
constant wind speed, as seen in Figure 6.5. The Skystream 3.7 power curve can be seen in
Figure 6.6. Power curves are typically S-shaped. This is due to the fact that wind energy is a
function of the wind speed cubed, as seen in Equation 6.1 (AWEA website).
P = 0.5pAV3  (6.1)
where P = power, watts
p = air density, kg/m3
A = rotor swept area, exposed to the wind, m2
V = wind speed, m/s
The curve then levels out at a maximum output level. This is due to the fact that given a
particular turbine, higher wind speeds cannot produce more power. The turbine's generator has
essentially reached its maximum output level or capacity, and turning the drive shaft faster will
not produce additional power.
Figure 6.1: The ARE 442 (ARE website)
Figure 6.3: The Bergey XL.1 (Bergey website)
Figure 6.2: The Proven 2.5 (Proven website)
Figure 6.4: The Skystream 3.7
(Skystream 3.7 website)
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Figure 6.5: Power curves for the ARE 442, Proven 2.5, and Bergey XL.1 (Woofenden 2008)
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Figure 6.6: Skystream 3.7 power curve (Skystream 3.7 website)
Wind Data
In order to determine the feasibility of using wind power in Singapore, I needed to obtain
historical meteorological (met) data. Fortunately the National Climatic Data Center (NCDC) has
five met stations in Singapore. I used data collected from the Paya Lebar Air Base (NCDC
station number 48694099999). The dataset that I used is under NCDC's Land Based Data
Global Summary of the Day category (dataset list number 9618). This station has been taking
daily data since October, 1954. The data available from the NCDC gives a variety of
meteorological information. The daily elements included in the dataset are: mean temperature
(0.1 Fahrenheit), mean dew point (0.1 Fahrenheit), mean sea level pressure (0.1 mb), mean
station pressure (0.1 mb), mean visibility (0.1 miles), mean wind speed (0.1 knots), maximum
sustained wind speed (0.1 knots), maximum wind gust (0.1 knots), maximum temperature (0.1
Fahrenheit), minimum temperature (0.1 Fahrenheit), precipitation amount (0.01 inches), snow
depth (0.1 inches), and number of observations made each day (NCDC). Some years are missing
from the dataset, including years 1966 to 1973, year 1982, and years 1984 to 1999. Thus, I have
approximately 33 years of met data.
Wind Data Analysis
The two elements that I am concerned about are the mean wind speed and maximum wind speed.
The mean wind speed is computed from a daily set of observations, ranging from 4 to 23
observations per day. The maximum wind speed is the maximum sustained wind speed for a
given day. Both of these elements are reported in 0.1 knots. Converting these elements into mph
and m/s, I discovered that not one daily mean or maximum wind speed was above 2.5 m/s. This
means that in 33 years of measuring wind speed, not one day at Paya Lebar Air Base produced
enough wind to even turn the blades of any wind turbine (either small or large-scale) currently on
the market. This observation provides clear evidence that wind power should not be pursued in
inland Singapore. The Energy Market Authority of Singapore (EMA) also supports the
observation that wind power should not be pursued in Singapore:
Due to limitations in our land area, Singapore cannot replicate other countries'
application of wind power in terms of large wind farms. To generate reasonably
efficient power from wind turbines, the average wind speed needs to be above 5
m/s (meters per second). Singapore does not have abundant winds except in the
coastal areas and offshore islands; our average wind speed is usually lower than
3.3 m/s (EMA website).
Since the Paya Lebar Air Base is located inland, this dataset does not represent coastal wind
patterns. Therefore, it is possible that stronger winds are found near the coast, or at higher
elevations (Bukit Timah, for example). If these winds are strong enough to economically
produce electricity, then Singapore could pursue wind power in these regions.
Chapter 7: Solar Energy Analysis
Photovoltaic power
Considering Singapore is located at approximately 1 N latitude, using solar energy to help
power BJ725 seems like a promising option. I focused my analysis on one particular
photovoltaic (PV) system already in use at Singapore Polytechnic - a 19.2-kWp PV roof-
mounted system consisting of four 4.8-kWp solar arrays. Each of these solar arrays have eight
600-Wp panels which in turn are comprised of eight RSM (resistance of solar module) 75-Wp
monocrystalline PV modules. The convention "Wp" stands for watt-peak, and represents the
peak output of a solar electric generating device. Thus, a 1-Wp device will produce 1 watt under
ideal conditions (Wikipedia - Watt-peak). This particular PV system consists of four 4-kW
inverters that convert the DC current produced by the solar panels to AC current that can be used
at the Singapore Polytechnic campus. The schematic of the system can be seen in Figure 7.1
(Jiang 2007).
8 strings 8 strings 8 strings 8 strings
Figure 7.1: The schematic of the 19.2-kW PV system at Singapore Polytechnic (Jiang 2007)
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When examining areas for potential PV system installations, it is essential to analyze the solar
radiation at that particular location. Solar radiation is the total frequency spectrum of
electromagnetic radiation given off by the Sun, and is measured in W/m2 (Wikipedia - solar
radiation). Some of this solar radiation does not actually reach the surface of the Earth.
Irradiance is used to describe the amount of solar radiation that actually strikes the Earth's
surface, and is measured in W/m2 (Wikipedia - irradiance). By using irradiance, one can perform
a trivial analysis to determine the expected output of a solar system per area covered.
Solar Data
Solar data is difficult to find and is not in any of the NCDC's Singapore datasets. Therefore, I
had to look elsewhere for solar irradiation data. In the report "Investigation of Solar Energy for
Photovoltaic Application in Singapore," Fan Jiang analyzes two years of solar data from the
National Environmental Agency in Singapore and studies the impact of tropical weather
conditions on solar radiation and power output by PV systems in Singapore. As discussed
above, irradiance is used to describe the amount of solar radiation that actually strikes the Earth's
surface and is used in photovoltaic analyses. Figures 7.2 and 7.3 show the daily average solar
irradiation in Singapore in 2002 and 2003, respectively. As one can see, there are two yearly
peaks in solar radiation, one occurring around March and the other around September. This is
due to the fact that the Sun passes over the equator during these two months, once during the
vernal equinox (March) and the other during the autumnal equinox (September). Based on the
data in the figures, it is sensible to take 4.0-kWh/m 2/day as an approximate average solar input to
a PV system in Singapore.
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Figure 7.2: Solar radiation in 2002 (Jiang 2007)
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Figure 7.3: Solar radiation in 2003 (Jiang 2007)
Analysis of Singapore Polytechnic System
As discussed above, a 19.2-kWp PV system was installed at the Singapore Polytechnic campus.
Jiang (2007) analyzed the performance of this particular system. The performance of any PV
system can be measured by its performance ratio, or PR. The PR is affected by the following:
losses due to array temperature, incomplete utilization of the irradiation, and system component
inefficiencies. The PR of a system is simply the ratio of the final system yield, Yf, to the
reference yield, YR. Yf and YR are defined in Equations 7.1 and 7.2, respectively.
Yf= daily plant energy output (kWh/day) / installed PV array power (kWp) (7.1)
YR = daily in-plane irradiation (kWh/m2/day) / STC reference in-plane irradiance (kW/day) (7.2)
As stated above, Singapore Polytechnic's PV array power is rated at 19.2-kWp. According to
the system's data record, the average daily energy output is 42.2-kWh/day. Thus, using these
two values, the Yf of the system is 2.2 hours/day. The daily in-plane irradiation in Singapore is
approximately 4.0-kWh/m2/day (as seen in Figures 7.2 and 7.3). The STC reference in-plane
irradiance is given as 1.0-kW/m2 . Thus, the YR in Singapore is 4 hours/day. Using these values
for Yf and YR, the performance ratio of this PV system becomes 55 percent (Jiang 2007).
This PR is quite low when compared to other PV systems installed elsewhere (Jiang 2007). This
may be due to high operating temperatures in Singapore, dust accumulation on the PV panels, or
a decrease of efficiency associated with years of operation. High operating temperatures
decrease the efficiency of any PV system. Temperatures can reach 60 degrees Celsius on
rooftops in Singapore (Jiang 2007). The voltage drop associated with an increase in panel
temperature can be determined using Equation 7.3.
Voltage drop (%) = [1-e*(T-25)]*100% (7.3)
where a= temperature coefficient of PV cell
T = temperature of PV cell (Celsius)
Figure 7.4 graphically shows this equation. As one can see, the voltage of a PV system drops to
83.94 percent due to temperature of 60 degrees Celsius. Thus, the system decreases its power
output to 83.94 percent of its rated power (Jiang 2007).
120
100
80
"D 60
40-
0-
20
PV cel temperature(deg.)
Figure 7.4: Impact of panel temperature on voltage of PV system (Jiang 2007)
Analysis of Solar Power at BJ725
Using Jiang (2007), a similar PV analysis can be made for the trickling filter at BJ725. Because
irradiance is relatively uniform throughout Singapore, it is fair assume that the reference yield
given by Jiang (2007) is relatively constant across the island. Furthermore, temperature is
relatively constant across the island, and photovoltaic efficiencies are relatively the same across
the market. Thus, it is fair to say that any PV system in Singapore will have the same Yf as Jiang
(2007) - 2.2 hours/day. This means that a solar array will be able to run at its rated power for 2.2
hours/day. In order to determine the rated power of a PV system that can be used to power the
primary settler/trickling filter, we simply divide the pump's energy input (kWh/day) by
Singapore's reference yield. As calculated in Chapter 3, the pump's power input is 0.435-kW.
We can assume that the system is continually running since the microorganisms in the trickling
filter that absorb the organic material in the wastewater die if the media is not saturated. Thus,
the energy input is 10.44-kWh/day. Using this energy input and a reference yield of 2.2
hours/day, we can see that the rated power of a PV system must be at least 4.745-kW in order to
power BJ725.
In designing a PV system at BJ725, a Kyocera 205-Watt 16 Volt solar panel was used, as seen in
Figure 7.5. This solar panel has one of the lowest unit costs when compared to other panels of
similar size. These panels have a lifetime of 20 years, and measure 1.5x0.991x0.036 m (LWD).
Kyocera 205-Watt panels are manufactured in Yokkaichi, Japan (Kyocera website).
Figure 7.5: The Kyocera 205-Watt solar panel (Kyocera website)
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In order to fulfill the 4.745-kW power rating at BJ725, twenty-four 205-Watt panels will need to
be used. At $598.95 each, the total panel system cost will be $14,374.8. In addition to the PV
panels, the overall system will need solar panel mounts, batteries to store excess electricity, and
power inverters to convert the DC current produced by the panels to usable AC current for the
pump. With these additional items, the total cost of the project will be approximately $18,000,
as seen in Appendix A. Converting this to Singapore dollars (conversion rate of 1 U.S. dollar to
1.3685 Singapore dollars as of May 1, 2010), the total cost becomes S$24,633. The savings due
to installing this PV system at BJ725 is simply the avoided cost from not buying electricity off of
the grid. The cost of electricity in Singapore is currently 23.56 cents/kWh in Singapore currency
(EMA website). Using the pump energy input and the cost of electricity, the savings from not
buying from the grid is approximately S$900/year. This is assuming the cost of electricity stays
constant (which is rarely the case). This yearly savings can be thought of as a cash flow
throughout the course of the PV system's lifetime, with an initial capital cost of approximately
S$24,600. Using the cash flow, initial cost, system lifetime, and a discount rate of 7.5% (see
EWEA's "Wind Energy: Costs and Prices"), we can determine the net present value (NPV) of
installing a PV system at BJ725, as seen in Equation 7.4.
NPV = Rt / (1+i) t  (7.4)
where Rt = net cash flow at time t
i = the discount rate (7.5%)
t = the time of the cash flow (yr)
Starting with the initial investment cost occurring at time = 0, the NPV over the project's lifetime
is computed in Table 7.1. As one can see, the project's NPV is approximately -S$15,000. Thus,
without any government rebates, it is not economically viable to install a PV system at BJ725.
Singapore currently has incentives in place to encourage the growth of solar power. For
example, the Energy Market Authority developed a Market Development Fund that will cover up
to 90% of the incurred market charges of a PV system in Singapore (see Appendix D in EMA's
"Handbook for Solar Photovoltaic Systems"). Using this 90% rebate, another NPV analysis can
be computed, as seen in Table 7.1. With a 90% rebate, the NPV of installing a PV system at
BJ725 is S$6,700. The minimum rebate needed in order for the project to break even (0 NPV) is
approximately 63% (as seen in Table 7.1). Therefore, installing a PV system at BJ725 would
only be economically viable if a rebate of at least 63% is available. Complete documentation of
financing estimates can be found in Appendix B.
Table 7.1: Comparison of three different project financing alternatives
No Rebate 63% Rebate 90% Rebate
Initial Cost (S$) 24,600 9,000 2,400
Yearly Cash Flow (S$) 900 900 900
Discount Rate (%) 7.5 7.5 7.5
NPV (S$) -15,000 70 6,700
Chapter 8: Methane Gas Analysis
Use of Digester Gas
The methane gas produced during sludge digestion can be used to produce power. This is due to
that fact that the gas is combustible. At standard temperature and pressure, methane gas has a
lower heating value (LHV) of 35,000 kJ/m3 (Tchobanoglous, Burton, and Stensel 2003). This
number represents the heat of combustion less the heat of vaporization of any water vapor
present. Since digester gas is only 65 percent methane, the LHV of digester gas is 22,400 kJ/m3
(600 Btu/ft3) (Tchobanoglous, Burton, and Stensel 2003).
The digester gas can be used in a power plant to produce electricity. This is typically done
through the Brayton cycle using the gas and air (Ahmed Ghoniem, MIT Mechanical Engineering
Professor). As seen in Figure 8.1, compressed air and fuel (digester gas) are mixed in a
combustor. The resulting gas is then expanded into a turbine, which generates electricity. The
typical efficiency for a Brayton cycle is 33%. Using the LHV of digester gas and the efficiency
of a Brayton cycle, I determined the expected power output of sludge digestion. These
calculations can be seen in Appendix C. As one can see, the gas produced from the digestion of
sludge at BJ725 can create approximately 4.4 kW of power. Thus, the digester gas combustion
output is much larger than the primary settler's pump power input (4.4 kW >> 0.435 kW). This
means that the power produced from the digestion of sludge can be used to meet BJ725's power
requirement. In the case that PUB actually uses the power produced from the digestion of its
sludge, PUB can sell the remaining power back to the utility after the treatment plant's power
requirement is met. However, in practice, this is not the case. A more realistic situation would
be to sell the methane gas produced from sludge digestion to a power plant owner as synthetic
gas. A simple calculation can be done to determine the revenue from this transaction. In April
2008, the wholesale price of natural gas (roughly digestion gas) in the United States was $10 per
1,000 ft3 (Wikipedia - natural gas). Using the currency conversion rate in Chapter 7, this
becomes roughly S$13.50 per 1,000 ft3 . As seen in Appendix C, the total camp digester gas
production is 51.6 m3 per day (approximately 1,800 ft3 per day). Thus, using the digestion gas
from BJ725, PUB can make S$24.30 per day, or approximately S$8,870 per year. Subtracting
the yearly cost of electricity for the power plant (S$900 - as discussed in Chapter 7), PUB can
make a yearly income of approximately S$7,970 by selling the digester gas produced at BJ725 to
a power plant.
Fuel
,3-,Combustor
Air - Compressor Turbine
Output
Work
Exhaust
Figure 8.1: Schematic of a Brayton cycle (Wikipedia - Brayton cycle)
Chapter 9: Conclusion
Current technology has made it possible for small wastewater treatment facilities to become
energy self sufficient. However, the different techniques of supplying renewable power to a
treatment plant vary from location to location. Singapore is a very unique country in that it is a
small island nation situated on the equator. This gives it a very specific set of meteorological
conditions that are distinctive to the equator. For example, strong winds are not present around
the equator since the temperature gradient is relatively constant. This lack of wind makes wind
energy nearly impossible in Singapore, especially at inland locations. However, meteorological
conditions that give rise to renewable energy are different throughout the world. In such a large
country as the U.S., conditions vary greatly. Wind, for example, is plentiful in areas such as the
central plains, but areas such as the southeast U.S. lack this renewable resource (see Figure 9.1).
In areas where wind is plentiful, wind energy can be used to power treatment plants and other
energy consuming facilities or buildings.
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Figure 9.1: U.S. annual average wind speed (mis) at 80 m (U.S. DOE)
Solar power, on the other hand, can be a viable option for wastewater treatment plants in
Singapore. Solar irradiance is abundant around the equator, and can easily be harnessed to
produce power. However, since the unit cost of solar panels is high in relation to other
renewable energy systems, it is important to perform an analysis to justify installing a solar panel
array. If the benefits outweigh the costs of a solar array, then it is economically viable to pursue
solar power at that location. Still, even in areas of plentiful solar irradiance, it is necessary for
government to intervene and provide a rebate for the project (again, due to the high capital costs
of a solar panel array). In Singapore's case, installing a solar array at BJ725 is not economically
viable without at least a 63% rebate. There are, however, programs currently in place in
Singapore that provide incentives in the form of rebates to renewable energy project developers.
In the case that one of these rebates is obtained, solar power would be viable at BJ725. Again,
solar power is very site specific and can be applied elsewhere around the world at treatment
plants. In the United States, for example, solar power is plentiful in the southwest (see Figure
9.2). In those locations, given a government rebate, it would be economically beneficial to
install a solar panel array at municipal wastewater treatment plants. However, in places like
parts of the northwest, where cloudy days exceed the number of sunny days, solar power at
municipal treatment facilities is most likely not viable.
Figure 9.2: Average U.S. photovoltaic solar resource (kWh/m2/day) from 1998- 2005 (U.S. DOE)
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A final option for wastewater treatment plants is using the methane gas produced from sludge
digestion. Note that this is only applicable to treatment plants that produce sludge. In BJ725's
case, the sludge produced at this treatment plant provides enough methane gas to power the
primary settler/trickling filter system with additional power left-over. This additional power can
be sold back to the utility. In a more realistic situation, the digester gas can be sold to a power
plant owner. In BJ725's case, this can produce S$7,970 of yearly income for PUB. The process
of burning methane gas to produce energy can be used anywhere in the world, as long as an
anaerobic digester and a power plant using the Brayton cycle are easily accessible. Because of
the amount of gas produced from an anaerobic digester, and the high capital costs associated
with wind and solar energy project, digester gas combustion is a far more viable option at this
point. This is applicable to the rest of the world. The best option for a wastewater treatment
plant wishing to become energy self sufficient is to digest its sludge and sell the resultant gas to a
power plant. Table 9.1 shows a comparison of wind power, solar power, and methane gas
combustion for use at BJ725.
Table 9.1: Comparison of wind power, solar power, and methane gas combustion
Wind Power Solar Power Methane Gas Production
Power Produced (kW) 0 0.45 4.4
Meets Energy Demand of BJ725 No Yes Yes(exceeds energy demand)
Capital Cost (S$) NA 24,600 ?
Yearly Income (S$) NA 0 7'970(w/ 63% rebate)7,0
In conclusion, the three technologies studied (wind power, solar power, and methane gas
combustion) are very site specific and must be analyzed on a location-specific basis. Wastewater
treatment plants can be very energy intensive, and these technologies should be pursued if any
are proven to be viable given a certain location. In Singapore's case, wind power is certainly not
a viable option. However, solar power is economically viable given a 63% rebate. Methane gas
combustion provides more power than what is needed for a primary settler/trickling filter system
to operate, and can generate income in the case that the gas produced is sold to a power plant.
Taking these small steps to first analyze a treatment plant's energy requirement will not only
provide future savings for the owner of the plant, but will help the world become a more
sustainable and environmentally friendly place.
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Chapter 11: Appendices
Appendix A: Solar Panel Materials Costing
Per Kyocera Product Catalog
Please note that all costs are in U.S. $
Product Name and Description Unit Cost Number Total Cost
KD 205 GX-LP Solar Module $600 24 $14,400
TR1512-120-600 Inverter $900 1 $900
KCS-2-15 3 Module Support $175 8 $1,400
2-KS-33P3 Battery $1,200 1 $1,200
Total Project Cost $17,900
Appendix B: Solar Cost Estimate
Please note: all currency is in S$
Cash Flow
$901.21
NPV w/o rebate
-$24,633.00
$838.33
$779.85
$725.44
$674.83
$627.75
$583.95
$543.21
$505.31
$470.06
$437.26
$406.75
$378.38
$351.98
$327.42
$304.58
$283.33
$263.56
$245.17
$228.07
$212.16
Initial cost
$24,633.00
Initial cost w/ 90% rebate Min rebate Initial cost w/ min rebate
$2,463.30 0.63 $9,114.21
Discount Rate
0.075
NPV w/ rebate
-$2,463.30
$838.33
$779.85
$725.44
$674.83
$627.75
$583.95
$543.21
$505.31
$470.06
$437.26
$406.75
$378.38
$351.98
$327.42
$304.58
$283.33
$263.56
$245.17
$228.07
$212.16
Project NPV -$15,445.62
NPV w/ min rebate
-$9,114.21
$838.33
$779.85
$725.44
$674.83
$627.75
$583.95
$543.21
$505.31
$470.06
$437.26
$406.75
$378.38
$351.98
$327.42
$304.58
$283.33
$263.56
$245.17
$228.07
$212.16
Year
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
$6,724.08 $73.17
Appendix C: Digester Gas Calculations
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